The saprophyte Leptospira biflexa is an excellent model for studying the physiology of the medically important Leptospira genus, the pathogenic members of which are more recalcitrant to genetic manipulation and have significantly slower in vitro growth. However, relatively little is known regarding the proteome of L. biflexa, limiting its utility as a model for some studies. Therefore, we have generated a proteomic map of both soluble and membrane-associated proteins of L. biflexa during exponential growth and in stationary phase. Using these data, we identified abundantly produced proteins in each cellular fraction and quantified the transcript levels from a subset of these genes using quantitative reverse transcription-PCR (RT-PCR). These proteins should prove useful as cellular markers and as controls for gene expression studies. We also observed a significant number of L. biflexa membrane-associated proteins with multiple isoforms, each having unique isoelectric focusing points. L. biflexa cell lysates were examined for several posttranslational modifications suggested by the protein patterns. Methylation and acetylation of lysine residues were predominately observed in the proteins of the membrane-associated fraction, while phosphorylation was detected mainly among soluble proteins. These three posttranslational modification systems appear to be conserved between the free-living species L. biflexa and the pathogenic species Leptospira interrogans, suggesting an important physiological advantage despite the varied life cycles of the different species.
M
embers of the genus Leptospira are spirochetal bacteria that share a conserved spiral morphology and motility. Leptospires can be broadly divided into host-associated species (including pathogens and the closely related intermediate species [1] ) and free-living saprophytes, and Picardeau et al. proposed that the host-associated species may have evolved from a free-living progenitor (2) . Therefore, comparisons between species with different ecological niches may elucidate the mechanisms that allow host-associated species to infect, persist in, and sometimes cause fatal disease in their hosts.
Leptospira biflexa, a free-living saprophyte, was discovered over 100 years ago (3) and is often used as a model organism for studies of the genus as a whole (2, (4) (5) (6) . Although host-associated species, such as Leptospira interrogans, are more intensively studied, they exhibit a low transformation efficiency that approaches the limits of detection. The higher in vitro growth rate and more efficient genetic tools available to manipulate L. biflexa make this organism better suited for laboratory studies. Techniques such as targeted allelic exchange, transposon mutagenesis, conjugative transfer, the use of fluorescent markers, and the use of an inducible promoter system were first developed in L. biflexa before use in L. interrogans (5, (7) (8) (9) . However, despite its being a model organism, there are significant gaps in our knowledge of L. biflexa. No large-scale microarray data or extensive proteomic analyses have been reported for the saprophyte, although Thongboonkerd and colleagues compared total protein lysate of L. biflexa to multiple pathogenic strains to identify potential virulence factors (10) . In contrast, extensive microarray and proteomic studies have been performed on various host-associated species (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . These limitations in our basic knowledge of L. biflexa reduce its utility as a model organism, since there are no known protein markers for the outer membrane and no abundantly synthesized proteins have been reported. Therefore, we developed a proteomic map of both soluble and membrane-associated proteins of L. biflexa during exponential growth and stationary phase. These results identified highly produced proteins in both cytoplasmic and membrane-associated fractions that may be useful in a variety of experimental approaches. Specifically, these proteins may serve as markers to identify cellular fractions or to direct heterologously expressed proteins to their proper location. Quantitative reverse transcription-PCR (RT-PCR) demonstrated high transcript levels of selected genes that reinforced the proteomic results, and these genes may also prove useful as controls in gene expression studies and for heterologous expression experiments.
Further, we identified various posttranslational modifications (PTMs) affecting L. biflexa proteins. PTMs of bacterial proteins have been well documented and include methylation, acetylation, phosphorylation, and others (see reference 21 for a recent review). The functions of these systems have not been fully defined, but they are known to affect metabolic enzyme activity, motility and chemotaxis, sensing/signaling pathways, virulence, and other functions. Here, methyl and acetyl modifications of proteins were Xcalibur 2.1 software was used for data acquisition and provided the peptide sequence information.
Databank searching and data processing were performed with either Proteome Discover 1.3/1.4 (Thermo Fisher Scientific, Bremen, Germany) or ProteoIQ (Premier Biosoft, Palo Alto, CA) in combination with a Mascot database search (Matrix Science, Beachwood, OH), or PEAKS v 7 (Bioinformatics Solutions Inc., Waterloo, Canada). Data processed using both Proteome Discoverer and ProteoIQ were searched against the Uniprot TrEMBL database with an "other bacteria" taxonomy filter. For Proteome Discoverer, peptides were filtered with a 1% false discovery rate (FDR) calculated using Mascot's automatic decoy search. In place of a decoy-based FDR calculation for ProteoIQ, the peptides were filtered at a 0.95 probability, and proteins at a 0.99 probability, using the Peptide and Protein Prophet algorithms as implemented in the software. PEAKS-processed data were searched against a FASTA file consisting of the L. biflexa protein sequences found in the Uniprot/TrEMBL database concatenated to the cRAP proteins (the common repository of adventitious proteins [theGPM.org]). False discovery rates were calculated using a decoy database, and results were filtered using a 0.5% peptide FDR cutoff. All searches were performed against databases generated between June 2012 and August 2014; during this time, there were no sequence modifications registered in UniProtKB to the L. biflexa taxonomy of interest. On 27 May 2015, UniProtKB instituted a new policy to reduce proteome redundancy in their database and removed the Ames strain. Although L. biflexa is now represented by the proteome of the Paris strain only, the Ames strain can still be assessed via UniProt web links to Uniparc.
In both search types used in this study, tolerances of 10 ppm for MS and 0.8 Da for MS/MS were used, and searches allowed for one nontryptic end to maximize coverage. Also, the database search portion of each analysis included carbamidomethylation of cysteine as a fixed modification and oxidation of methionine and deamidation of asparagine and glutamine as dynamic modifications. PEAKS included additional de novo, PTM, and homology searches as part of their SPIDER workflow. To complete protein parsimony, a 2-peptide-per-protein minimum was enforced in addition to the previously mentioned peptide and protein filters. The raw protein/peptide data are provided in Table S1 in the supplemental material.
RNA isolation and quantitative RT-PCR. Four independent L. biflexa cultures were harvested in mid-exponential growth phase for RNA isolation. Total RNA was extracted using the TRIzol reagent (Invitrogen, Carlsbad, CA), as previously described (30) . RNA quality was assessed using the 2200 Tapestation (Agilent Technologies, Santa Clara, CA), and 500 ng of RNA was converted to cDNA using the high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA), according to the manufacturer's recommendations. The cDNA reactions were diluted 1:10, and 5 l of the dilution was used in each quantitative PCR using the TaqMan Universal PCR master mix kit (Applied Biosystems, Foster City, CA), as described previously (30, 31) . Primer/probe sets were obtained from Sigma-Aldrich (Table 1) .
Detection of posttranslationally modified proteins. The Pro-Q Diamond phosphorylation gel stain (Invitrogen) selectively stains proteins containing phosphorylated tyrosine, serine or threonine residues and was used to detect phosphoproteins in L. biflexa according to the manufacturer's recommendations. Antibodies specific for acetylated or trimethylated lysine residues (Immunechem Pharmaceuticals, Burnaby, British Columbia, Canada) were used to detect modifications of L. biflexa proteins following the manufacturer's protocols. Specifically, 15 g of soluble or membrane-associated protein was separated by SDS-PAGE, transferred to nitrocellulose, blocked with PBS-Tween containing 3% BSA, and incubated with antibody at a dilution of 1:1,000 in PBS-Tween containing 0.1% BSA. Horseradish peroxidase (HRP)-conjugated secondary antibodies, if necessary, were diluted 1:50,000 in PBS-Tween containing 0.1% BSA.
Generating the theoretical proteomes of three Leptospira spp. The annotation features of L. biflexa, L. interrogans serovar Copenhageni, and Leptospira borgpetersenii serovar Hardjo genomes were revised by Bulach et al. to apply consistent terms across genomes (32) . These reannotated genomes were used to create a spreadsheet of all the proteins, with their molecular weights and isoelectric focusing points. The genome of Borrelia burgdorferi strain B31 was previously obtained from the J. Craig Venter Institute (JCVI) (29, 33, 34) . These data were then used in GraphPad version 6 to generate graphs of each theoretical proteome (GraphPad Software, Inc., La Jolla, CA).
RESULTS
Proteomic map of L. biflexa. A proteomic map derived from exponentially growing L. biflexa cells was generated by subcellular fractionation of proteins followed by two-dimensional gel electrophoresis and subsequent identification of protein spots by LC-MS/MS. The migration patterns for each protein fraction were repeated with three independent protein preparations and were reproducible using the conditions described here. Protein spots were selected for identification either due to their relative abundance (as determined by intensity of Coomassie staining) or as proteins of interest from differential in-gel electrophoresis analysis (described below). The raw protein/peptide data from the LC-MS/MS analyses are provided in Table S1 in the supplemental material. The previously employed subcellular fractionation protocol (27) (28) (29) (30) was validated by the identification of well-known cellular markers. In the soluble fraction, we mapped and identified 50 proteins (Fig. 1A and Table 2 ), largely predicted to be synthesized by rapidly dividing cells. Among these were proteins involved in fatty acid synthesis (short-chain dehydrogenases, spots 15 and 16) and components of the tricarboxylic acid cycle (citrate lyase beta subunit, spot 27; malate dehydrogenase, spot 28; and succinyl-CoA ligase, spot 29) and glycolysis (phosphoglycerate mutase, spot 43). Also detected were enzymes for maintaining the redox state of the cell (thioredoxin, spot 3; peroxiredoxin, spot 12; thioredoxin reductase, spot 52).
In the membrane-associated fraction, we identified 47 proteins (Fig. 1B and pothetical lipoproteins and 4 conserved proteins). The terms "predicted" and "hypothetical" should be removed from the annotation of these loci (B0SGX1, B0SB57, B0S8T9, B0SCF9, B0SGB7, B0SG33, B0STJ8, B0SHJ5, and B0SC05), as we have identified the translated proteins. Several known soluble proteins were also detected in the membrane fraction (e.g., elongation factor Tu, several ribosomal proteins, the chaperone GroEL, and RpoA). Some of these proteins have been observed in association with other bacterial membrane fractions and proposed to have "moonlighting" functions (reviewed in reference 35), and Wolff et al. reported that elongation factor Tu is present on the surface of L. interrogans (36) . However, we cannot exclude the possibility that the presence of these proteins in both fractions may have resulted from contamination of the membrane-associated fraction with highly abundant soluble proteins. Quantitation of transcript levels of selected genes. Many Leptospira genetic studies normalize to the endogenous flaB for gene expression analyses because it encodes a highly abundant protein that is synthesized under a variety of conditions (11, (37) (38) (39) (40) . However, Leptospira spp. contain multiple flaB loci, and the same allele is not consistently used between studies. Other reports have shown that flaB transcript and protein levels vary with growth conditions, indicating that flaB may not be the best choice as a normalizing control (14, 16, 41) . Because we have identified endogenous proteins that appear to be as abundant as the FlaB1 protein (Fig. 1B, spot 113 ) from L. biflexa cells isolated in exponential and stationary phases, we determined the transcript levels of 5 candidate genes to assess their potential value as standards in quantitative RT-PCR (qRT-PCR) analysis and as alternative promoters for gene expression studies. All 5 genes are conserved among Leptospira spp. The transcript levels of three genes whose products were detected in the soluble fraction (GroEL, phosphoglycerate mutase, and uncharacterized protein B0SE41; proteins 44, 43, and 23, respectively, in Fig. 1A ) and two gene products detected in the membrane-associated fraction (OmpA-family protein B0SGK2 and uncharacterized protein B0TJ8; proteins 103 and 116, respectively, in Fig. 1B) were determined by qRT-PCR analysis and normalized to the transcript levels of the endogenous flaB1 (Fig. 2) . All candidate genes produced transcript levels that were approximately equivalent to those of flaB1, supporting their utility for qRT-PCR studies, as abundant markers for cellular location, and as strong promoters to drive gene expression.
L. biflexa proteins appear to be posttranslationally modified. In the Coomassie-stained gels shown in Fig. 1 , some proteins displayed multiple isoforms with different isoelectric focusing points but similar molecular weights. These included membrane-associated proteins such as the hypothetical lipoprotein B0S8T9 (Fig.  1B; spot 131 ), OmpA-family lipoprotein (spot 103), and Fe-S cluster-containing hydrogenase (spot 134). Some soluble proteins, such as phosphoglycerate mutase ( Fig. 1A; spot 43 ), GroEL (spot 44), and aconitate hydratase (spot 41), also displayed multiple isoforms. The altered migration patterns of these isoforms are consistent with the effects of certain posttranslational modification (PTM) systems. A wide range of PTMs have been identified in prokaryotes, and some are differentially activated by growth phase (42) (43) (44) . Therefore, we compared protein fractions isolated from exponential-phase cells to those from stationary-phase cells using differential in-gel electrophoresis (DIGE), a more sensitive detection technique than Coomassie staining. DIGE can separate equivalent amounts of two differentially labeled protein samples and identify proteins or isoforms that predominate in one sample. For example, Cy3-labeled proteins from exponentially grown cells would appear green, while Cy5-labeled proteins isolated from stationary-phase cells would appear red; proteins at equivalent levels in both growth stages would appear yellow. A comparison of soluble proteins isolated from L. biflexa cells in exponential phase versus stationary phase more clearly separated the protein isoforms (Fig. 3A) than the corresponding Coomassie-stained gels (Fig. 1A) . DIGE analysis, though, did not indicate a differential PTM pattern between growth phases for soluble proteins.
Isoforms of certain membrane-associated proteins were more easily discernible by DIGE (Fig. 3B) than by Coomassie-stained gels (Fig. 1B) . Multiple independent protein preparations (biological replicates) produced the same migration patterns and LC-MS/MS confirmed these were identical isoforms of the same proteins (Table 4 ; also, see Table S1 in the supplemental material). All protein preparations consistently displayed the presence of these isoforms and their migration patterns. In some instances, proteins were more heavily modified when isolated from stationary-phase cells (red spots in Fig. 3B ), suggesting differential modification by growth phase. However, this observation was not reproduced in all protein preparations (data not shown). Analysis of the mass spectrometry data for PTMs did not reproducibly identify specific modifications, identifying some PTMs in a minority of some peptides. This may be due to the labile nature of many PTMs that may be sensitive to the isolation, digestion, and recovery procedures employed during protein identification by mass spectrometry.
L. biflexa proteins are posttranslationally modified by phosphorylation, acetylation, and methylation. Although analysis of the mass spectrometry data was inconclusive, methylation, phosphorylation, acetylation, and other PTMs were detected in some L. biflexa peptides. Methylation and acetylation of lysine residues increase both the hydrophobicity and steric bulk of proteins, and these modifications also shift the isoelectric points toward the acidic spectrum. Therefore, we sought to identify the prevalence of these PTMs using other methods. SDS-PAGE separation of membrane-associated and soluble proteins followed by immuno- Tables 2 and 3. blot analysis with antibodies specific to either trimethylated or acetylated lysine residues demonstrated that both these PTMs occurred predominantly in the membrane-associated fractions ( Fig.  4A and B, respectively) . The degree of methylation observed occasionally varied between protein preparations, but methylation was consistently prevalent in membrane fractions relative to soluble ones. Methylation can be artificially introduced into proteins by exposure to methylated chemicals such as methanol. To ensure that the methylation of proteins was due to biological processes and not artificially introduced by experimental conditions, we repeated the protein isolation, subcellular fractionation, and immunoblots on two additional, independent protein preparations. However, we ensured that the protein preparations were not exposed to any methyl-containing chemicals. The results confirmed our previous observations (data not shown) and demonstrated that posttranslational methylation of proteins derived from the physiology of L. biflexa.
In contrast to methylation and acetylation, phosphoproteins were mainly observed in the soluble fraction (Fig. 4C) , as detected by the Pro-Q Diamond phosphorylation gel stain of protein fractions separated by SDS-PAGE. All results were confirmed with at least 3 independently isolated protein samples, and the Lowry assay and a total protein stain (Fig. 4C, middle) were used to determine protein concentrations and to ensure that equivalent amounts of protein were used in each step.
DISCUSSION
Within the genus Leptospira, there are 21 recognized species that can be isolated from various environments (45) . Among these are L. biflexa strain Patoc, L. interrogans serovar Copenhageni, and L. borgpetersenii serovar Hardjo. Each species has a distinct life cycle that differs from the others. L. biflexa is a free-living saprophyte, while the mammalian pathogen L. interrogans is acquired by new hosts during a free-living state. In contrast, L. borgpetersenii, also a mammalian pathogen, has been postulated to be undergoing genome reduction, resulting in an impaired ability to survive in the environment (32) . These three species display the full spectrum of the known life cycles in this genus, ranging from a noninfectious environmental bacterium, to a facultative pathogen acquired during its free-living state, to a purported obligate parasite requiring direct host-to-host transmission. Figure 5 displays the theoretical proteomes of these three leptospires, which are remarkably similar in the protein distribution patterns displayed across molecular weights and isoelectric points. In comparison, the proteome of the related spirochete Borrelia burgdorferi, the causative agent of Lyme disease, has a distinctly different protein distribution with a more basic median isoelectric point, exemplifying that the proteome similarities observed among the leptospires are not shared across the phylum Spirochaetes. Overall, this computational analysis demonstrates the similarity of the L. biflexa proteome to that of the pathogenic Leptospira spp. and reinforces its utility as a model to represent the genus. Further, nearly two-thirds of the L. biflexa coding sequences are shared with the pathogens, which are more difficult to culture and genetically manipulate (2) .
To increase the utility and versatility of L. biflexa as a model organism, we generated a proteomic map of membrane-associated and soluble proteins during exponential growth (Fig. 1) . The use of 2-dimensional gels allowed us to generate a visual map of the protein migration patterns of L. biflexa that may allow other researchers to identify proteins of interest using this protocol.
We generated a proteomic map of the soluble fraction of the cell during exponential growth and identified 50 proteins (Fig.  1A) . The nature of the soluble proteins was unsurprising for a rapidly dividing culture, with the majority being involved in fatty acid synthesis, energy generation, and the tricarboxylic acid cycle or being enzymes for maintaining the redox state of the cell. In L. interrogans, the various forms of the pathogen-specific protein LipL32 (46) accounted for ϳ75% of the visible, outer membrane proteins (15) . In contrast, none of the L. biflexa membrane proteins we identified appeared to achieve such high levels of abundance, as determined by visual examination of gels of Coomassiestained proteins (Fig. 1B) , DIGE-labeled proteins (Fig. 3B) , or silver-stained proteins (data not shown).
As both cellular fractions contained a variety of moderately expressed proteins, we selected several candidates for transcript characterization. Currently, flaB transcript is often used as the standard for quantitative RT-PCR analysis, but by Coomassiestained two-dimensional (2D) gel analysis we observed multiple proteins that were comparably produced (FlaB1 corresponds to spot 113 [Fig. 1B]) . Therefore, we selected several genes whose products were abundant in either the membrane-associated or soluble fractions for transcript analysis. Genes encoding GroEL, phosphoglycerate mutase, and UCP-B0SE41 (spots 44, 43, and 23, respectively [ Fig. 1A]) were chosen from the soluble fraction for comparing transcript levels. From the membrane proteins, we analyzed the transcripts from genes encoding the OmpA-family lipoprotein and UCP-B0STJ8 (spots 103 and 116, respectively [ Fig. 1B] ). B0STJ8 is annotated as an uncharacterized protein, but a signal peptidase I cleavage site for this protein was predicted by the LipoP 1.0 server (http://www.cbs .dtu.dk/services/LipoP/), consistent with its association with the membrane fraction. Although more abundant protein spots were detected in the membrane fraction, several were known to be cytoplasmic proteins (e.g., elongation factor Tu [MP 120 and 121] and GroEL [MP 130]). A growing number of reports associate these cytoplasmic proteins with the mem- branes of many bacteria (reviewed in reference 35), but we selected proteins where our data suggested they resided specifically in the membrane fraction.
Using qRT-PCR to assess transcript levels of these genes, we showed that all targets are similar to the flaB1 transcript levels (Fig.  2) and therefore may be useful as qRT-PCR targets for specific cellular locations. Additionally, the proteins themselves provide useful markers for tracking cellular locations or as endogenous controls for heterologous expression of pathogen-derived proteins, a technique exemplified by Figueira et al. (47) .
The proteomic map of soluble and membrane-associated proteins from L. biflexa cells revealed multiple isoforms of the same protein that differed in their isoelectric focusing points. These patterns were indicative of PTM systems affecting specific proteins. Methylation, acetylation, and phosphorylation are common PTMs of bacterial proteins and were recently demonstrated to occur in the pathogen L. interrogans (22) (23) (24) . Here, we used DIGE combined with other techniques to study PTMs of L. biflexa proteins. Although protein isoforms were detected in both soluble and membrane-associated fractions (Fig. 3) , only in the latter did we sometimes observe growth phase-dependent differential protein modifications (Fig. 3B) . In other bacteria, PTM systems have been linked to changes from exponential to stationary phase, presumably to control protein function in a rapid, reversible manner (42) (43) (44) 48) . This growth-phase dependent observation was not replicated in all L. biflexa protein preparations and may reflect subtle culture variations affecting gene expression. The EMJH growth medium is a complex, undefined broth optimized for pathogenic leptospires but supports growth of saprophytic members (49). Although we harvested cells at similar cell densities in independent experiments (ϳ5 ϫ 10 8 cells/ml for exponential phase and ϳ2 ϫ 10 9 for stationary phase), it is possible that variations in components of the medium (such as different lots of bovine serum albumin) may alter gene expression, as has been observed for the related spirochete Borrelia burgdorferi, also cultured in a complex, undefined medium (50) .
Although differential regulation of PTM systems by growth phase was not consistently detected, all protein preparations dis- played isoform patterns indicative of PTMs. The preponderance of modified proteins in the membrane-associated fraction was striking (Fig. 3B) , although the functional significance of these PTMs remains enigmatic. Recently, Witchell and colleagues detected multiple lysine residues of LipL32 modified with acetyl or methyl groups from in vivo-isolated L. interrogans serovar Copenhageni (24). Cao et al., using a gel-free approach, reported acetylation, methylation, and phosphorylation of proteins from in vitro cultivated L. interrogans serovar Lai (22) . Using immunoblots and antibodies specific to either trimethylated or acetylated lysine residues, we demonstrated that both PTMs occurred in L. biflexa, predominately in membrane-associated proteins (Fig. 4A and B) . We also confirmed that posttranslational methylation was not artifactually introduced through exposure to methyl-containing chemicals such as methanol by repeating the experiments and avoiding the use of such compounds, indicating that posttranslational methylation is a physiological process (data not shown). These two PTMs likely account for many of the modifications observed in the membrane-associated proteins. The majority of phosphoproteins, in contrast, were observed in the soluble fraction (Fig. 4C ). This segregation of phosphoproteins to the cytoplasm is somewhat surprising, as some signal transduction systems would be expected in membrane proteins. Phosphorylation is a notoriously labile modification, and this is likely an underrepresentation of the diversity of phosphoproteins in L. biflexa.
The study of posttranslational modification systems in prokaryotes is a rapidly expanding field, although they were originally thought to be the provenance of eukaryotes. Although still being defined, the function of PTMs has been elucidated in some bacteria. Posttranslational methylation has been implicated in protein activity, resistance to proteolysis, virulence, phase variation of pilin, type III secretion, and chemotaxis (51-57), while acetylation has been shown to modulate gene expression, chemotaxis and motility, stress responses, and metabolism (48, 51, (58) (59) (60) . Phosphorylation systems are important components of sensing/signaling pathways and, in some systems, have been linked to processes involved in virulence (61, 62) . In the genus Leptospira, these three PTM systems appear to be conserved between two species: the pathogen L. interrogans and the saprophyte L. biflexa. Homologs of kinases, methyltransferases, and acyltransferases are encoded in both genomes, supporting a conservation of some PTM mechanisms. Additionally, L. interrogans and L. biflexa share a single GCN5-related N-acetyltransferase (GNAT) homolog, which acetylates proteins involved in the bacterial stress response, metabolism, and drug resistance (reviewed in reference 63). Although the functions of PTMs in leptospires may have adapted to specific niches, the modification systems appear to be evolutionarily maintained and suggest an important physiological role within these species. Elucidating the role that these three PTM systems, and others, play in the Leptospira physiology has so far been descriptive. However, the relative ease with which L. biflexa can be cultivated and genetically manipulated compared to the pathogens makes this an ideal organism with which to further study PTM systems and their roles in the physiology of Leptospira.
